The identification of cell-penetrating peptides (CPPs) as vectors for the intracellular delivery of conjugated molecules such as peptides, proteins, and oligonucleotides has emerged as a significant tool to modulate biological activities inside cells. The mechanism of CPP uptake by the cells is still unclear, and appears to be both endocytotic and non-endocytotic, depending on the CPP and cell type. Moreover, it is also unknown whether cargo sequences have an effect on the uptake and cellular distribution properties of CPP sequences. Here, we combine results from quantitative fluorescence microscopy and binding to lipid membrane models to determine the effect of cargo peptide molecules on the cellular uptake and distribution of the arginine-rich CPPs, R 7 , and R 7 W, in live cells. Image analysis algorithms that quantify fluorescence were used to measure the relative amount of peptide taken up by the cell, as well as the extent to which the uptake was endocytotic in nature. The results presented here indicate that fusion of arginine-rich CPPs to peptide sequences reduces the efficiency of uptake, and dramatically changes the cellular distribution of the CPP from a diffuse pattern to one in which the peptides are mostly retained in endosomal compartments. D
Introduction
Transduction of biologically active molecules across cell membranes to interact with intracellular targets is a persistent challenge. These membrane barriers are one of the major obstacles hindering the use of oligonucleotides and polypeptides as tools to study cellular processes, as well as the development of drug candidates. The identification of cell-penetrating peptides (CPPs) as vectors for the intracellular delivery of conjugated molecules such as peptides, proteins, and oligonucleotides has emerged as a powerful tool to modulate biological activities inside cells [1] [2] [3] [4] . Several of the CPPs identified, such as pAntp-(43-58) [5] and Tat-(48 -60) [6] are highly basic sequences derived from RNA-or DNA-binding proteins, while other CPPs, such as the oligoarginines (R 7 or R 9 ), have been artificially designed based on studies recognizing the importance of positively charged arginines to mediate transport across cell membranes [7, 8] .
The mechanism by which these CPPs translocate across cell membranes is still not clearly understood. Initially, CPPs were found to enter cells by an energy independent, nonendocytotic process that was found to be fairly general across many different cell lines [5,8 -15] . It was suggested that translocation across membranes was not receptor mediated since studies showed that the primary amino acid sequence was not important, and that d-amino acids could be substituted for the natural l-amino acids without affecting activity [7, 10, 14] . It was also found that these peptides, when conjugated to large cargo molecules such as polypeptides and oligonucleotides, would still translocate across the cell membrane and bring the cargo molecule into the cytoplasm and nucleus [16 -20] . Many of the original experiments that monitored CPP uptake in cells were conducted using FACS sorting, or confocal microscopy of fluorescently labeled peptides in fixed cells. It is now known that these methods can prevent an accurate measurement of CPP cellular uptake, because FACS sorting cannot distinguish between peptide bound to the extracellular membrane, peptide present in intracellular vesicles, and peptide distributed evenly in the cytoplasm; and cell fixation for confocal microscopy studies causes artificial redistribution of CPPs from membranes and vesicles into the cytoplasm and nucleus [21 -25] .
Recent data using confocal microscopy with live cells show that the mechanism of uptake depends on the CPP sequence and cell type: for most CPPs, including pAntp, TAT-derived peptides, and other novel cell penetrating peptides such as sweet arrow peptide (SAT) and human calcitonin-derived peptide, the cellular uptake is energy dependent and endocytotic in nature [22,25 -27] . For polyarginine sequences, it appears that peptides are taken up by a mixture of endocytotic and non-endocytotic processes [8, 15, 25, 28] . Most of these live cell studies on cellular distribution and uptake have been done with the CPPs alone, and did not specifically examine the effect that conjugating biomolecules to the CPPs have on the uptake process. Since CPPs have been utilized for the transport of biomolecules into cells, it is therefore important to understand the uptake characteristics of CPPs attached to their cargo molecules. In this paper, we investigate the uptake characteristics of the CPPs, R 7 , R 7 W, and pAntp in U2OS (human oesteosarcoma) and A431 (human epidermoid carcinoma) cells, as well as the effect of conjugated peptide molecules on the uptake of R 7 and R 7 W. Image analysis algorithms that quantify fluorescence from cellular vesicles were used to quantify the relative extent to which the uptake was endocytotic in nature. Our studies show that the patterns of distribution for CPPs alone in comparison to CPPs conjugated to peptides are different in live cells. In general, we found that CPPs alone show a varying degree of a mixture of diffuse cytoplasmic and nuclear staining, and punctate staining, and that the pattern of distribution varied considerably depending on the temperature and cell line. In contrast, CPPs conjugated to cargo peptides showed less efficiency of uptake, and almost exclusive punctate staining compared to the CPP alone.
One of the initial steps in the translocation of these positively charged CPPs has been postulated to be their interaction with the negatively charged lipids in the plasma membrane. In this regard, it has been found that the number of arginine residues has an effect on the efficiency and mode of cellular uptake [8, 15] . In an attempt to understand whether the different uptake and distribution properties of the conjugated polyarginines compared to the CPPs alone could be related to an overall change in charge of the peptide, and as a consequence their ability to interact with the membrane, we studied the binding properties of these peptides to membrane models using fluorescence polarization. The lipid binding studies showed that all of the peptides bind to negatively charged lipids to some degree, and that conjugated polyarginines did not have significantly different binding properties compared to the CPPs by themselves. Therefore, binding to lipid models did not necessarily correlate with the uptake characteristics of the peptides in the cell lines tested. These results indicate that other properties, in addition to lipid binding, may be involved in the initial membrane binding and translocation process of the arginine-rich CPPs.
Materials and methods

General
Cell lines were obtained from ATCC: U2OS (CRL-2592) and A431NS (HTB-96). Fluorescein-RRRRRRRW-NH 2 (Fl-R 7 W), fluorescein-HRRNEEVQDTRL-OH (Fl-DTRL), and fluorescein-RRRRRRR-GREEEVQDTRL-OH (Fl-R 7 -DTRL) were purchased from SynPep (Dublin, CA). Dimyristoyl phosphatidylcholine (DMPC), dimyristoyl phosphidylglycerol (DMPG), palmitoyl-oleoyl phosphatidylcholine (POPC) and palmitoyl-oleoyl phosphatidylglycerol (POPG) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). 5-carboxyfluorescein was from Molecular Probes (Eugene, OR). Fmoc-protected amino acid derivatives were from Peptides International (Louisville, KY) or SynPep (Dublin, CA). Other general reagents for peptide synthesis were from Fisher and Applied Biosystems.
Peptide synthesis and purification
Fluorescein-RRRRRRR-NH 2 (FL-R 7 ), Fluorescein-RQI-KIWFQNRRMKWKK-NH 2 (Fl-pAntp), and fluorescein-RRRRRRRW-GREEEVQD-OH (Fl-R 7 W-VQD) were synthesized using an Applied Biosystems 433A Peptide Synthesizer. The solid-phase synthesis was on TentaGel S PHB for c-terminus peptide acids or Fmoc-PAL resin for the c-terminus peptide amides using Fmoc/tert-butyl chemistry. After synthesis was complete, fluorescein was coupled to the Fmoc deprotected N-terminus by reacting the resin with 4 equivalents of 5-carboxyfluorescein, 2-(1H-benzotriazole -1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), and 1-hydroxybenzotriazole (HOBt) and 8 eq diisopropylethylamine (DIEA) (4:4:4:8) in N-methylpyrolidine (NMP) for 16 h at RT in the dark. The resin was then washed with dimethylformamide (DMF), dichloromethane, and methanol (Table 1) .
The peptides were cleaved form the resin with Reagent K, trifluoroacetic acid/phenol/H 2 O/thioanisole/1,2-ethanedithiol (82.5:5:5:2.5, v/v/v/v) for 16 h except for FL-R 7 which was cleaved with trifluoroacetic acid/triisopropylsilane/H 2 O (95:2.5:2.5, v/v/v) for 16h. The crude peptides were precipitated with diethyl ether (0 -C), collected by low speed centrifugation, washed with cold ether (3 times), dissolved in H 2 O, and lyophilized. The peptides were purified by semipreparative reversed phase HPLC using a Vydac C-18 reversed-phase column (218TP510; 5Am, 10 Â 250 mm) on a Breeze Waters system. The peptides were eluted with a linear gradient (5 ml/min) using 0.1% aqueous TFA/5% CH 3 CN (Solvent A) and 0.1% TFA in CH 3 CN (Solvent B) from 5 to 45% B over 40 min. The identity of the peptides was confirmed by electrospray ionization (ESI) mass spectrometry.
Peptide concentrations were determined by UV/Vis spectroscopy using a molar extinction coefficient for fluorescein of 66,000 M À1 cm À1 at 492 nm. Stock solutions of the fluorescein-labeled peptides were made in DMSO, and diluted in PBS to the concentrations used in the experiments.
Cell culture
All cells were grown at 37 -C in a 5% CO 2 atmosphere. U2OS cells were cultured in McCoy_s 5A modified growth medium with 10% fetal bovine serum (FBS) to confluence and subcultured at a ratio of 1:4 to 1:10 by trypsin-EDTA dispersion. A431 cells were cultured in Dubelcco's Modified Eagle Medium, DMEM with 10% FBS to confluence and subcultured at a ratio of 1:10 by trypsin-EDTA dispersion.
Peptide uptake experiments in live cells
U2OS cells were plated at 8000 cells per well overnight in 96-well Packard Viewplates (PerkinElmer, MA) in 100 Al growth medium (McCoy's 5A modified medium +10% FBS). A431 cells were similarly plated at a density of 15,000 cells per well. After overnight incubation, the media was removed and 100 Al fresh medium was added containing 180 AM propidium iodide and 5 AM Hoëchst 33258 for 30 min at 37 -C, followed by the addition 10 Al fluorescein labeled peptides (110 AM, in PBS with 4.7% DMSO), at 37 -C or 4 -C for 2 h. Cells were washed twice with 100 Al PBS, and fresh growth medium was added. Plates were then imaged using the InCell 3000 confocal microscope (GE Biosciences, NJ), and were kept at room temperature protected from light for the duration of imaging experiment. Images were captured by visualizing green fluorescence first (fluorescein-labeled peptide), followed by red fluorescence (propidium iodide), and lastly blue fluorescence (Hoëchst 33258).
Image processing and analysis
Quantitative image analysis was carried out using the software modules supplied with the InCell 3000 (GE Biosciences, NJ). Images were analyzed according to the parameters listed in Table 2 . Parameters, particularly dilation and threshold, were chosen so that the area measured for the intensity calculations and the granularity calculations were as close as possible. Parameters were also chosen so that the areas measured using the blue marker (Hoechst dye) and the red marker (propidium iodide) were as close as possible in each analysis. From the calculations, the Ipos value (average intensity per cell over the threshold), the Npos value (number of cells above the threshold), the Fgrains value (average percent of fluorescence localized to granules), and the Fl-HRRNEEVQDTRL-OH a Three CPP sequences were chosen for this study because of their different proposed mechanism of uptake. pAntp has been shown to be internalized through an endocytotic mechanism. R 7 and R 7 W are internalized by both endocytotic and non-endocytotic mechanisms. The peptide sequence fused to R 7 corresponds to the C-terminal fragment of the cystic fibrosis transmembrane conductance regulator (CFTR), and the sequence conjugated to R 7 W, is a three amino acid deletion of the Cterminal fragment of the same protein. These sequences were chosen because of our interest in using these peptides for further biological studies. Ngrains value (average number of granules per cell) were exported. In order to correct intensities (either for the whole cell or nucleus) so as to only account for the intensity in live cells, the following calculation was used: Finally, the rate of cell death was calculated by dividing Npos red by Npos blue .
Fluorescence polarization lipid binding experiments
Small unilamellar vesicles (SUV) were prepared as described previously [29] . Lipid mixtures were dissolved in chloroform to a total concentration of 1.0 mM and divided into 1.0 ml aliquots. The chloroform was removed using a Speed Vac system, and the dried lipids were stored at À20 -C. To make SUVs, the dried lipid mixtures were then resuspended in 1.0 ml phosphate buffered saline, pH 7.2 (PBS; 10 mM phosphate, 150 mM NaCl, pH 7.4), vortexed, and sonicated on ice for 40 min until clear. The lipid vesicle solutions were stored at 4 -C until use. For the fluorescence polarization binding experiments, the 1 mM lipid vesicle stock solution was serially diluted with PBS and transferred to a Greiner 384-well medium binding small volume plate (19 Al lipid solution in each well). Fluoresceinated peptides were added (1 Al per well) from a 4 AM stock for a final concentration of 200 nM in the assay. Fluoresceinated peptide diluted into PBS (without lipid vesicles) was used as a low polarization control. Plates were sealed to prevent evaporation, and incubated for 2 h at room temperature in the dark to allow equilibrium to be reached. Fluorescence polarization (FP) was then measured using the LJL Acquest (Molecular Devices, CA) ( G = 0.8) or the Victor2V (PerkinElmer, MA) ( G = 1.07) instruments, with an excitation filter at 484 nm and an emission filter at 530 nm, and settings as indicated by the instrument manufacturer. The raw data for binding to mixed composition or negative vesicles were then divided by the average polarization of the peptide in the presence of an equal concentration of neutral lipid to normalize the polarization scale.
Results
Cellular distribution of CPP peptides in live cells using confocal microscopy
Recently, it has been reported that fixation of cells for confocal microscopy studies causes artificial redistribution of cell-penetrating peptides (CPPs), and therefore, may not accurately depict their cellular uptake and distribution [21 -25] . We monitored the uptake of both CPPs and these CPPs conjugated to peptides using an InCell 3000 automated confocal microscope to capture images of their distribution in live cells. For this study, two cell lines were used, U2OS (osteosarcoma) and A431 (epidermoid carcinoma). U2OS cells are commonly used for cellular imaging assays because of their flatness; A431 cells were chosen because they are often used to study epithelial growth factor (EGF) cell signal transduction pathways. Confocal imaging of live cells following incubation with the CPPs revealed significant differences in the uptake characteristics between U2OS and A431 cells, depending on the CPP sequence. In U2OS cells (Fig. 1) , the uptake characteristics of the CPPs R 7 , R 7 W, and pAntp at 37 -C are a mixture of diffuse and punctated distribution. The nuclei were visualized with Hoechst 33258 which appears blue and freely permeates the membranes of live cells. The cells were also incubated with propidium iodide to ensure that the distribution patterns observed were only in live cells. R 7 and R 7 W show a mostly diffuse pattern with a small amount of vesicle staining, whereas the pAntp is mostly distributed in vesicles which were found to be mostly perinuclear. A striking difference is observed for the cargo-fused peptides, R 7 -DTRL and R 7 W-VQD, as compared to the nonconjugated CPP. The uptake of these conjugated CPPs is very low and the peptide is found intracellularly almost exclusively in vesicles. This change in the distribution pattern observed for the fused peptides is particularly remarkable for R 7 W-VQD because the CPP R 7 W is taken up in a highly diffuse manner, but when it is conjugated to peptide, it is taken up very weakly and in a punctate manner. At 4 -C, there is almost no visible amount of punctate staining observed for all three CPPs, as well as for both R 7 -DTRL and R 7 W-VQD.
In live A431 cells (Fig. 2) at 37 -C, both punctate and diffuse staining, including nuclear staining, continues to be evident for R 7 , but for pAntp and R 7 W, there is significant punctate distribution with little or no diffuse staining of the cytoplasm or nucleus. At 4 -C, R 7 shows little diffuse uptake, R 7 W shows almost completely diffuse staining of the cytoplasm and nucleus, and pAntp, at this temperature, has much less intense staining that is generally punctate in nature. Similar to the results in U2OS cells, at 37 -C, CPPs conjugated to peptides, R 7 -DTRL and R 7 W-VQD, show low overall uptake in A431 that is punctate in nature, and at 4 -C, the uptake is barely visible above background. In contrast to the images of fixed cells (data not shown), diffuse uptake of these peptides is not observed in live A431 cells.
Quantitative analysis of confocal images of live cells
Images obtained from the uptake experiments in live cells were processed using the object intensity and granularity analysis algorithms provided with the InCell 3000 Automated Confocal Microscope. The object intensity algorithm outputs the average fluorescence intensity per cell, while the granularity algorithm calculates the average fluorescence per granule and number of fluorescent granules per cell. In the live cell uptake experiments, both algorithms were used with Hoëchst as the nuclear marker for all cells (because it penetrates both live and dead cells), and with propidium iodide as the nuclear marker for dead cells only (dead cell permeant). By multiplying the cell-average fluorescence by the number of cells detected with each marker, the total green fluorescence intensity of all the live and dead cells in a well (Hoëchst stain) and of all the dead cells in a well (propidium iodide) can be obtained. By subtracting the dead cell fluorescence from the total, and dividing by the number of live cells, it is possible to consider fluorescence only from live cells. In the quantitative analysis, it is preferable to consider only live cells because the dead cells should behave as fixed cells, and as explained previously, the uptake and distribution patterns of CPPs after fixation are different from live cells (data not shown). A similar granularity calculation can be made by considering the total fluorescence from granules using each marker, as well as for the average number of granules per Fig. 2 . Cellular uptake of CPP peptides in live A431 cells. Same protocol as described in Fig. 1 was used for A431 cells. Gains were adjusted for each image to reduce background fluorescence (from no cell area). Again, fluorescein-labeled peptides are shown in green, and Hoëchst 33258 nuclear stain in blue. Fig. 1 . Cellular uptake of CPP peptides in live U2OS cells. Cells were pre-incubated for 30 min at 37 -C with media containing 5 AM Hoëchst 33258 and 0.12 mg/ml propidium iodide. Peptides were added (10 AM) and cells were incubated for 2 h at either 37 -C or 4 -C, washed twice with PBS, and placed in growth media. Cells were then imaged live on the InCell 3000 confocal microscope. Gains were adjusted for each image to reduce background fluorescence (from no cell area). Fluorescein-labeled peptides are shown in green, and Hoëchst 33258 nuclear stain in blue.
cell (see Materials and methods). In general, the correction for intensity from dead cells was a small, but under some conditions a large number of cells stained positive with propidium iodide due to toxicity effects of the cellpenetrating peptide.
Quantitative analysis of the confocal images using the InCell 3000 allows for a direct relative comparison of the CPP uptake under different conditions. We first determined that the location of the peptides was indeed intracellular by performing confocal z-scans, which confirmed that the labeled peptides, both when they display diffuse and granular distribution, were located inside the cell and not bound to the extracellular membrane (data not shown). Further confirmation of the intracellular location of the labeled peptides was provided by the demonstration that laser illumination can induce cytoplasmatic redistribution of conjugated CPPs from vesicular compartments [30] .
Quantitative analysis of fluorescence from cells and its correlation to cellular distribution after uptake must be used with precaution because of the limitations associated with the algorithm used for the analysis. The first caveat in this analysis is the parameters chosen as input into the algorithms used to calculate the fluorescence values (see Table 2 ). The final values were chosen for each cell line through an iterative process, optimizing the boundary boxes size to maximize the cell area while minimizing the amount of no cellular background, and also taking into account that most granules were observed to be perinuclear. The parameters used in the algorithm finally depend on cell shape and size, relative size of the nucleus and cytoplasm (A431 cells have a relatively large nucleus), and size of the granules (granules in A431 are much smaller than for U2OS). Once the parameters for the algorithms were established for each cell line, they were kept consistent for the analysis of the uptake of the different peptides in that cell line. Another caveat of the cellular fluorescence analysis is that direct comparison of total cellular peptide uptake by measuring fluorescence intensity is only possible when the cellular distribution of the peptides is similar. This is because fluorescein intensity can decrease in vesicular compartments due to both the acidic pH and self-quenching of the fluorophore. However, by comparing the distribution patterns observed by confocal microscopy and the average fluorescence intensity measured by the InCell 3000, it was observed that the measured average fluorescence intensity of the cells correlates well with the amount of ''diffused'' peptide distribution. This is illustrated best for R 7 W, and pAntp in U2OS cells. By confocal microscopy, R 7 W is taken up in a mostly diffuse manner both at 37 -C and 4 -C (Fig. 1) , and for this peptide a high fluorescence intensity is measured at both temperatures, >2000 fluorescence units (Fig. 3A) . By confocal microscopy, pAntp is taken up mostly in a punctated form (Fig. 1) , and low fluorescence intensity is measured, <1000 fluorescence units (Fig. 3A) . Therefore, by combining the images and the analysis, it is possible to correlate total measured cellular fluorescence intensity with the degree of diffuse distribution after uptake for each peptide in a cell line.
The average total cellular fluorescence from live cells was calculated as I corrected (Figs. 3A and B) . R 7 W is the only peptide sequence that shows significant uptake as measured by cellular fluorescence intensity, in both U2OS and A431, and especially at 4 -C. The only other peptide sequence that shows increased fluorescence intensity above 1000 units is R 7 (¨1500 units ), in both U2OS and A431 cells, but only at 4 -C. The total cellular intensity is also low for pAntp and for R 7 and R 7 W conjugated to cargo peptides, R 7 -DTRL and R 7 W-VQD, for both cell lines and at both temperatures. R 7 W-VQD does show higher fluorescence intensity at 4 -C in both cell lines, but this appears to be an artifact of high background staining. There is a good correlation between the fluorescence intensity measurement and the distribution patterns observed (Figs. 1 and 2 ). For R 7 W, there is a clear diffuse pattern after uptake in both cell lines, that is more intense at 4 -C. The rest of the peptides are found mostly in vesicular structures after uptake and that correlates with the very low fluorescence intensity measured, for both cells lines and at both temperatures.
In order to have a direct comparison of the amount of peptide uptake in vesicles, two parameters were calculated, the % granularity (as average percentage of cellular fluorescence from grains, in live cells), and N corrected , the average number of fluorescent granules in live cells (Fig.  4) . The trends observed using % granularity (average fluorescence from granules per cell) or N corrected (average number of granules per cell) are essentially the same. In general, it is observed that reducing the temperature generally eliminates or significantly reduces punctate staining of both A431 and U2OS cells. This is also observed in Figs. 1 and 2 and supports the idea that granularity measurements can be used as a quantitative indication of endocytotic peptide uptake, which should be inhibited at low temperatures. The pAntp shows a high degree of granular uptake in both cell lines, compared to the other peptides. R 7 W shows high granular uptake in A431 at 37 -C, which confirms the observation in Fig. 2 . For U2OS cells at 37 -C, the granularity of uptake of the CPPs conjugated to peptides, R 7 -DTRL and R 7 W-VQD is comparable to the granularity of uptake of the CPPs alone, whereas in A431 cells the granularity of uptake of R 7 -DTRL and R 7 W-VQD is significantly lower than the granularity of uptake of the corresponding CPPs alone. The pAntp peptide exhibits high granularity in both cell lines, and the drop in granularity at 4 -C is very significant.
Time course of R 7 W and pAntp uptake in U2OS cells
R 7 W shows high levels of diffuse distribution after uptake in U2OS cells at 37 -C, with some punctate distribution (Figs. 1, 3 and 4) . In order to further explore whether these are independent or sequential processes, a time course was carried out to determine their kinetics. Fig.  5A shows a sequence of images for the uptake of R 7 W in U2OS at 37 -C, and Fig. 5B shows a plot of the measured fluorescence intensity and granularity. The results indicate that the diffusion process is much faster than vesicle formation, reaching a maximum signal at¨15 min, whereas the maximum granularity is not obtained until 60 min. These data suggest that diffusion and endocytosis occur by either independent mechanisms (diffusion being faster than endocytosis), or sequential processes, by which the peptides are taken up by diffusion first, and then trapped in vesicles. However, since diffusion appears to be observable for at least 2 h and remains fairly constant, independent mechanisms are more favored. In addition, if a similar time course is carried out for the pAntp peptide (Figs. 5A and C) , both granularity and diffuse staining appear at a similar rate, further indicating that it is more likely the two distribution modes reflect two mechanistic processes.
Toxicity of cell-penetrating peptides to live cells
There have not been many studies that address the toxicity of these CPPs in cells. Some reports have indicated that these peptides are non-toxic, and when cytotoxic effects have been seen, it occurs at higher concentrations such as 50 AM [6, 22, 31] . However, by monitoring the uptake of CPPs in live cell experiments, we found that, at the concentration used in this study, 10 AM, these CPPs are to some extent toxic to cells. Quantitative analysis of the toxicity of the various CPPs under the conditions studied could be obtained using the intensity measurements made Fig. 4 . Quantization of peptide uptake using the granularity algorithm. Granularity was measured from Fgrains and Ngrains, and from these, % granularity and N corrected were obtained as described in Materials and methods, and plotted. % granularity for (A) U2OS and (B) A431 cells. N corrected for (C) U2OS and (D) A431 cells. Open bar is 37 -C and filled bar is 4 -C.
with the InCell 3000 confocal microscope. By dividing the number of cells stained with propidium iodide by the number of cells stained with Hoëchst, it is possible to determine the % cell death (Fig. 6) . From these data, it was found that R 7 peptide produces the greatest cytotoxicity in both cell types, and that pAntp is also somewhat toxic for U2OS and R 7 W for A431, at 4 -C only. The toxicity of the polyarginine peptides, R 7 and R 7 W, is enhanced in both cell lines by incubation at 4 -C. This is specially striking for R 7 W in A431 cells. In general, the CPPs conjugated to peptides, R 7 -DTRL and R 7 W-VQD, show very low cytotoxicity. These results suggest a correlation between diffused cellular uptake in the cytoplasm and toxicity because both parameters increase as the temperature is decreased. However, different peptides might have different intrinsic toxicity since the relative amount of diffuse uptake does not correlate with the level of toxicity produced. It is unlikely that lowering the temperature induces cytotoxicity because the control peptide DTRL, which is not fused to a CPP, does not induce cell death at either temperature.
Binding of CPP peptides to lipid vesicles
In order to ascertain whether the conjugation of peptides to arginine-rich CPPs changes their charge properties in a manner that would effect their uptake by potentially decreasing binding to the cellular membrane, the interaction of fluorescein-tagged CPPs, free and conjugated, with smallunilamellar vesicles (SUVs) was studied by fluorescence polarization (FP). The FP studies were conducted by titrating neutral or negatively charged lipid SUVs against a constant concentration of fluorescein-labeled CPP. In order to compare the binding properties of the different peptides, the fluorescence polarization values measured for the binding of CPPs with negatively charged vesicles or mixed vesicles (30:70 anionic/neutral) were normalized by dividing the average fluorescence polarization of the same peptide in the presence of the same concentration of neutral vesicles to which the peptides do not bind (data not shown). By doing this transformation, the differences in FP signal for each peptide are compensated. The lipid binding characteristics of the peptides varied strongly according to both peptide and lipid vesicle composition. An increase in fluorescence polarization at high concentrations of negative lipid (DMPG or POPG) was observed for all five peptides studied (Figs. 7A and C). All of the peptides bound with lower affinity to the mixed vesicles (Figs. 7B and D) than to the completely negative vesicles (Figs. 7A and C) , but the reduction in binding was much smaller for pAntp (on the order of 2-fold) than for the polyarginine peptides. The R 7 W peptide displayed the strongest binding to negative lipid vesicles, while the pAntp peptide bound with the greatest affinity to the mixed lipid vesicles. The dramatic change in binding for the polyarginine peptides from anionic phospholipids to mixtures of anionic and zwitterionic phospholipids indicates that their interaction with the lipid vesicles is highly charge dependent, whereas the interaction of pAntp appears to be less so. Both arginine-rich CPPs conjugated to peptides, R 7 -DTRL and R 7 W-VQD, bound to the negatively charged vesicles (Figs. 7A and C) . The R 7 and R 7 -DTRL peptides appear to bind with similar affinity to the fully negative vesicles, indicating that the addition of a peptide cargo has little effect on the interaction. For the R 7 W peptide, however, the binding affinity to anionic vesicles is dramatically reduced by the conjugation of the VQD cargo. The effects of peptide cargo addition to CPPs on lipid binding do not therefore appear to be generally predictable. Since biological membranes are not composed solely of negatively charged lipids, mixed vesicles were used as a more accurate model of membrane composition. Of the peptides studied, pAntp shows significant binding to the mixed vesicles, R 7 W appears to have small but detectable binding, and the rest of the peptide sequences do not appear to bind to mixed vesicles (Figs. 7B and D). As a negative control in all lipid binding experiments, the DTRL peptide, which is not fused to a CPP sequence, showed no binding to both anionic and mixed vesicles, indicating the changes in mP measured were indeed due to the restriction in the fluorescein motion upon binding of the CPP sequence to the lipid vesicles. 
Discussion
The uptake mechanism and cellular distribution of cell penetrating peptides (CPPs) is not clearly understood, and therefore, their practical use as vectors to import biomolecules into cells might be hindered by the lack of a predictable amount of uptake and cellular distribution. Initial experiments suggested an uptake process leading to a diffused peptide distribution in the cytoplasm which was later found to be an artifact of cell fixation before imaging [21 -25] . Recent results in live cells suggest that the uptake mechanism of CPPs is cell and peptide sequence dependent, and it is a combination of direct membrane transport and endocytotic processes [22, 25] . In this study, we have combined cellular imaging and quantitative analysis of cellular fluorescence and granular uptake to further investigate the mode of uptake of CPPs and arginine-rich CPPs fused to cargo peptides. Our results suggest that high total average fluorescence intensity correlates with an uptake process leading to diffuse distribution in the cytoplasm, and that granularity measurements are indicative of endocytotic uptake because the extent of granular distribution is mostly eliminated at 4 -C. Here, we have confirmed that in live A431 and U2OS cells, CPPs are taken up in a cell-and sequence-dependent manner. From the imaging results, all of the individual CPPs tested, R 7 , R 7 W, and pAntp, are taken up in a mixture of diffuse and vesicular distribution in both A431 and U2OS cells. In general, endocytotic uptake is much more prevalent in A431 than in U2OS cells, as measured by the %granularity and the average number of granules per cell. The pAntp peptide is taken up predominately in vesicles by both cell lines, suggesting a mostly endocytotic uptake mechanism, in agreement with results obtained by Thoren et al. [25] . This uptake pattern was found to be in contrast to R 7 W which appears to be taken up more efficiently in both cell lines, and in both modes, diffuse and vesicular, for the A431 cells, but significantly more diffuse in U2OS cells, again in agreement with data published previously [25] . R 7 is not taken up very efficiently in either cell line or mode, compared to R 7 W, which suggests that the tryptophan residue has an important role in the uptake mechanism. The general loss in granular uptake at 4 -C compared to 37 -C, which is very pronounced for both R 7 W and pAntp in A431 cells, supports the hypothesis that the granular uptake is a good measurement of internalization by an endocytotic mechanism.
Most of the mechanistic studies of CPP uptake and distribution in live cells have been carried out using CPPs alone, and not many have looked at the distribution after uptake of CPPs conjugated to biomolecules. A recent study by Console et al. [32] studied the uptake of pAntp and TAT CPPs in complex with avidin or derivatized with phosphatidylcholine liposomes. It was found that these large complexes were internalized into cells and accumulated into vesicular structures, and was reported to be only taken up at 37 -C, supporting an endocytotic uptake mechanism.
Another study using TAT -CRE fusion protein [26] has shown rapid internalization by lipid raft-dependent macropinocytosis. Nakase et al. [28] used confocal microscopy and endocytosis inhibitors to study the uptake of argininerich peptides fused to an apoptosis-inducing peptide, showing that both the free and conjugated CPP were internalized through an endocytotic route dominated by macropinocytosis. In their studies, Nakase et al. used arginine-rich CPPs fused to a proapoptotic domain peptide, which is an amphiphilic basic peptide, D-(KLAKLAK) 2 , thus maintaining the highly positive nature of the peptides. In the present study, we fused peptide sequences with negatively charged amino acids to the CPPs to better understand how the ionic nature of the cargo affects the cellular uptake of conjugated CPPs. In our study of live cells, the CPP R 7 W showed the most diffuse distribution pattern in the cytoplasm. We were interested to determine if this diffuse pattern would persist with cargo peptides attached since this would be very favorable for studies directed at using peptides to study intracellular signaling pathways in the cytoplasm. Our results show that conjugation of a peptide sequence to the R 7 and R 7 W dramatically changes the cellular uptake and distribution of the CPP. When a peptide is fused to R 7 W, the total amount of diffused uptake is significantly reduced, and that the small amount of peptide that is taken up is in vesicles. Likewise, when a peptide is fused to R 7 , the diffused uptake is greatly reduced, and only a small amount of peptide is taken up, mostly in vesicles. Again, there is a significant decrease in the granular uptake from 37 -C to 4 -C, suggesting an endocytotic uptake.
The process that yields diffuse staining for R 7 W in live cells appears to be fast (diffuse staining is evident within 15 min) and appears to occur as well at 4 -C as it does at 37 -C. These results are in agreement with those published by Thorén et al. [25] . Studies have shown that CPP uptake does not permeabilize a lipid bilayer by making holes in it [33, 34] , and data presented here support this idea because uptake of propidium iodide at 37 -C is not generally observed. Our results from monitoring uptake over time, supports that diffusion and endocytosis occurs by independent mechanisms. For R 7 W the total fluorescence intensity of the cell does not significantly decrease as granularity increases. The possibility that peptide is initially internalized by endocytosis and then released into the cytoplasm to cause diffuse staining does not seem be a major pathway in these cell lines because the diffuse staining appears first and the punctate staining later, and it continues to occur at 4 -C when endocytosis is inhibited. Also, for pAntp, which has mainly punctated staining initially, it persists throughout a 2-h time course and does not show the appearance of more diffusion.
In an attempt to explain the different distribution pattern observed after uptake for the arginine-rich CPPs, R 7 and R 7 W, compared to their cargo-fused forms, we measured their binding to model membrane systems [29, 33, [35] [36] [37] . All of the peptides bound to the purely negatives vesicles with relatively similar affinity, and therefore, no correlation between uptake and binding could be obtained. Binding of peptides to mixed vesicles, which might represent a better model of the cell membrane, did not correlate well with uptake either. The pAntp peptide shows the strongest binding to the mixed vesicles but not a strong intensity of uptake in live cells. R 7 W, R 7 , R 7 -DTRL, and R 7 W-DTRL are all similar in their binding abilities (detectable for R 7 W but not detectable for R 7 , R 7 -DTRL, and R 7 W-DTRL) to the mixed vesicles, but R 7 W and R 7 show stronger uptake in live cells. These results suggest that even though additional negative charges on the cargo molecule do not alter binding of the polyarginine peptides to the lipid vesicles significantly, it changes their cellular uptake properties. The results from our study suggest that lipid binding alone cannot explain the uptake characteristics of the peptides. This is in agreement with recent thermodynamic studies that found there is no direct correlation between the lipid-binding characteristics of several CPPs, including pAntp and R 9 , and their uptake characteristics [35] . In agreement with the measurements presented here, Thoren at al. showed that the pAntp peptide is a stronger binder to DOPC/DOPG/DSPE-PEG vesicles than R 9 . These results also support the idea that heparan sulfate proteoglycans on the surface of cell membrane might play a key role on the uptake of CPPs, and that lipid vesicles might be too simple a cell membrane model to correlate uptake with cell surface binding. The role of heparin sulfate (HS) on the uptake of HIV Tat peptides has been studied for almost a decade [38, 39] . Recently, the role of HS on the uptake of polyarginine peptides has been reported, as well [40, 41] .
In conclusion, the data presented here support the idea that CPPs might be internalized by a combination of mechanisms, one producing a diffuse uptake and another via endocytosis. Whether one or the other mechanism is predominant depends on the CPP sequence, the cargo molecule, and cell type, among other factors. In the two cargo-conjugated argininerich CPPs that were studied in this report, endocytosis dominated, and it is conceivable that the effect of different cargo molecules on uptake might vary. Therefore, more work must be conducted in live cells to determine the precise impact of the size and composition of both the CPP and cargo on the cellular uptake and distribution.
